surface itself on ligand presentation and recognition must also be considered. As has been shown for antibody microarrays, slide surface chemistry can have significant impact on the presentation, three-dimensional (3D) structure, capacity, background noise and spot morphology of the arrayed molecules, which in turn impacts upon their interactions and reproducibility. 21, 22 Another variable in carbohydrate ligand presentation may be the linker used to attach the carbohydrate to the scaffold, as the linker selected has been shown to influence carbohydrate-lectin interactions in ITC, enzyme-linked immunosorbent assay (ELISA) and SPR studies. 23, 24 In this study, three different microarray surfaces were arrayed with the same mono-and disaccharide neoglycoconjugates (NGCs), using bovine serum albumin (BSA) as a multivalent molecular scaffold, and glycoproteins for presentation of naturally occuring oligosaccharides.
The glycan microarray slides were incubated with well-characterised, fluorescently-labelled plant lectins to evaluate the influence of slide chemistry and surface on background noise, spot size and morphology, lectin-ligand recognition and reproducibility. In addition, three monosaccharide neoglycoconjugate analogues with two different common linkers (4-aminophenyl (4AP) and phenylisothiocyanate (PITC) (Fig. 1)) were included in the test group to assess the influence of these linkers on lectin discrimination across platforms.
Experimental Materials
Aldehyde ES microarray slides were from Pierce Biotechnology (Rockford, IL). Nexterion® Slide H microarray slides were purchased from Schott AG (Germany). Poly-L-lysine slides, BSA (cat. no. A7638, ≥99%), glycopyranosyl PITC and 4AP derivatives and goat anti-rabbit
IgG labelled with Atto 633 were purchased from Sigma-Aldrich Co. (Dublin, Ireland). The BSA was periodate-treated 25 and used for neoglycoconjugate synthesis and microarray slide blocking. The bicinchoninic acid (BCA) Protein Assay Kit and sulfosuccinimidyl-4-(Nmaleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC) were from Pierce Biotechnology (Thermo Fisher Scientific Inc., Dublin, Ireland) and rabbit anti-cow albumin polyclonal antibody was from Dako (Glostrup, Denmark). Pure tetramethylrhodamine-(TRITC-) labelled lectins were from EY Laboratories, Inc. (San Mateo, CA). All other reagents were from
Sigma-Aldrich Co. unless otherwise noted and were of the highest grade available.
NGC synthesis
A range of mono-and di-saccharide NGCs were synthesised from their commercially available PITC or 4AP derivatives (Fig. 1) . 26 In brief, glycopyranosyl-PITC was added to BSA at pH 9.0 in 0.15 M NaCl in a 150:1 molar ratio (carbohydrate-linker to protein), incubated for 6 h at room temperature (approximately 20 °C) while maintaining basic pH and then kept at 4 °C for 16 h.
The pH was adjusted to 7.2, the reaction mixture dialysed exhaustively against water and the NGC purified on BioGel P-2 (Bio-Rad Laboratories, Hertfordshire, UK). The collected fractions were monitored by absorbance at 280 nm and Bradford assay. 27 Fractions containing NGC were pooled and lyophilised.
The 4AP-glycosides were dissolved in ice-cold 0.15 M HCl and 0.05 M NaNO 2 was added sufficient to make the solution oxidising (approximately 1:1.5 (v/v) ratio). The 4AP-glycoside solution was added to an ice-cold solution of BSA in 0.15 M NaCl, pH 9, in a molar ratio of 50:1, and the reaction was allowed to proceed at 0 °C for 2 h while pH was maintained at 9 by the addition of 0.5 M NaOH. The reaction mixture was then neutralised, dialysed exhaustively against distilled water and lyophilised. NGC protein and carbohydrate content were determined using the BCA assay, 28 with BSA as the standard, and Monsigny assay, 29 using the appropriate carbohydrate as the standard, i.e. Gal for Gal-α-PITC-BSA, Gal-β-PITC-BSA, Gal-β-4AP-BSA, lactose for Lac-β-4AP-BSA, etc., and the molar substitution ratio was determined (Table 1) .
Glycan microarray printing
Poly-L-lysine slides were functionalised with sulfhydryl-reactive maleimide groups by incubation of the slide surface with 10 mM sulfo-SMCC prepared in phosphate buffered saline (PBS), pH 7.4 (137 mM NaCl, 2.7 mM KCl, 2 mM KH 2 PO 4 and appropriate mixture of 10 mM Na 2 HPO 4 and NaH 2 PO 4 for correct pH) for 1 h at room temperature in a humidity chamber. The functionalised polylysine slides were washed twice in deionised water (approximately 1 min per wash), centrifuged dry (500 x g, 5 min) and stored at 4 °C with dessicant until use.
NGCs were prepared at a concentration of 1 mg/mL in PBS, pH 7.4, based on their protein content measured by the BCA assay, and glycoproteins at 1 mg/mL based on weight to ensure saturation of the feature area on the slide surfaces. Probes (NGCs and glycoproteins)
were printed at approximately 1 nL per feature on Nexterion® Slide H, Aldehyde ES or functionalised poly-L-lysine slides in a humid environment (62% +/-2%) using a piezoelectric microarray printer equipped with an uncoated glass nozzle with a 90 µm orifice (SciFlexArrayer S3, Scienion, Germany). Six replicate subarrays were printed per slide, with each probe spotted in replicates of twelve per subarray (see Fig. 2 for layout and Table 1 for print order). Slides were incubated in a humidity chamber overnight after printing to ensure complete conjugation. The functional groups on the Nexterion® slide H slides were then deactivated or capped by incubation with 100 mM ethanolamine in 50 mM sodium borate, pH 8, the aldehyde slides with 50 mM ethanolamine 10 in PBS, pH 7.4 and the functionalised polylysine slides with 1.4 mM β-mercaptoethanol in PBS pH 7.4 for 1 h at room temperature (see Table 2 ). The slides were washed with PBS, pH 7.4 with 0.05% Tween-20 (PBS-T) three times and once with PBS. Slides were then centrifuged dry (1,500 rpm, 5 min) and stored dry at 4 °C with desiccant until use.
Slide incubation and scanning
Just before use, the Aldehyde ES slides were blocked with 2% BSA in PBS, pH 7.4, supplemented with 50 mM ethanolamine, and functionalised poly-L-lysine slides were blocked with 2% BSA in PBS, pH 7.4 supplemented with 1.4 mM β-mercaptoethanol for 2 h at room temperature in a humidity chamber. The slides were washed three times in PBS-T, once in PBS (2 min each wash), centrifuged dry and incubated immediately. Nexterion® Slide H did not require protein blocking prior to use. 15, 18 All microarray slides were incubated using an 8-well gasket slide and incubation cassette system (Agilent Technologies Ireland, Ltd., Cork, Ireland) and were protected from light throughout the procedure. Briefly, 70 µL of dilute TRITC-labelled lectin (see Table 3 for appropriate dilution of each lectin) in Tris-buffered saline supplemented with Ca 2+ and Mg
2+
ions (TBS; 20 mM Tris-HCl, 100 mM NaCl, 1 mM CaCl 2 , 1 mM MgCl 2 , pH 7.2) and with 0.05% Tween-20 (TBS-T) was applied to each well of the gasket slide. In the cases of Con A and WFA, lectins were also diluted in 100 mM of appropriate haptenic sugar in TBS-T (Table 3 ) and compared to an uninhibited lectin incubated subarray on the same slide to verify carbohydrate-based lectin binding. 30 The microarray slide was then sandwiched with the gasket, the cassette assembled and placed in a rotating incubation oven ( 
Data extraction and analysis
Raw intensity values were extracted from the image files using GenePix Pro v6.1.0.4 (Molecular Devices, Berkshire, U.K.) and a proprietary *.gal file using adaptive diameter (70-130%) circular alignment based on 230 µm features and exported as text to Excel (version 2007, Microsoft) where all data calculations were performed. Local background was subtracted and background-corrected median feature intensity (F543median-B543) was used for each feature intensity value. The median of twelve replicate spots per subarray was handled as a single data point for graphical and statistical analysis (n = 3). Data intensities across three replicate microarray slides were normalised to the per-subarray total intensity mean and binding data was presented in histogram form of average intensity with standard deviation of three experimental replicates. The significance of inhibition data was evaluated using a standard Student's t-test (paired, two-tailed) (p ≤ 0.05, see Table S-1† ). n.a. not applicable
Results
Three slide surface chemistries commonly used for microarray fabrication were selected for evaluation of carbohydrate ligand recognition by lectins, the three-dimensional (3D) hydrogel
Nexterion® Slide H, Aldehyde ES (enhanced surface) and a functionalised poly-L-lysine.
The poly-L-lysine slide surface was derivatised with sulfo-SMCC, a heterobifunctional linker with an amine-reactive N-hydroxylsuccinimide (NHS) ester and a sulfhydryl-reactive maleimide group which was available for the subsequent immobilisation of the NGCs. After printing the NGCs and glycoproteins, deactivation of the functionalised surfaces was done by capping or blocking the active functional groups on all surfaces. In the case of Slide H, no additional blocking step was required after capping but both the Aldehyde ES and functionalised poly-L-lysine slides required further blocking with BSA to occupy any remaining active sites and block non-specific binding to the slide surface (Table 2) .
Spot morphology and size
Spot morphology was poor for the functionalised poly-L-lysine slide surface while both the Aldehyde ES and Slide H surfaces had regular and easily extractable circular features ( 
Background
The microarray slides were incubated with fluorescently-labelled lectins reported to recognise the carbohydrates present (Table 3) . Con A exhibited the lowest background noise of all the lectins with all surfaces, which facilitated feature extraction. However, it was clear even from visual inspection of the subarrays across the three different slide chemistries that the functionalised poly-L-lysine and Aldehyde ES microarray slides exhibited higher background upon incubation with the lectins WFA, SBA and UEA-I than Slide H, which had very low background noise (Fig. 2) . Both the functionalised poly-L-lysine and Aldehyde ES slides were BSA-blocked while the 3D surface of slide H was unblocked. When the BSA blocking step was omitted on the Aldehyde ES and functionalised poly-L-lysine surfaces, the background was much higher again (data not shown) and did not permit differentiation between signal and noise. High background noise reduces the sensitivity of the binding by increasing the signal to noise ratio, 21 and thus can effectively swamp or mask any binding events which actually occur on the slide surface. The functionalised poly-L-lysine slide had the highest average background noise for all lectins tested (1823.3-11982.3 RFU, Table 4) and, for the majority of lectin interactions, the background was more intense than the signal, rendering most of the background-subtracted signal intensities negative (Fig. 3B) . On the other hand, Slide H displayed low background with all lectins tested (267-433.3 RFU, Table   4 ) which facilitated observation and extraction of the binding signal intensity. 
Lectin recognition across slide surfaces
In agreement with its known binding specificity, Con A recognised α-linked Man and the high mannose type N-linked glycosylation on RB on all three slide surfaces 31 (Table 3 ). It had low binding intensity with the glycoproteins fetuin and asialofetuin (ASF) on the functionalised poly-L-lysine and Slide H surface, with better recognition on the Aldehyde ES slide (Fig. 3) . Con A is reported to recognise complex biantennary N-linked oligosaccharides, 32 and 17% of the N-linked oligosaccharide structures on fetuin (and asialofetuin) are biantennary. 33 Interestingly, Con A also bound with good intensity to β-linked Glc across all three slide surfaces, but this well characterised lectin is only known to typically interact with α-linked Glc 31 ( Table 3 ). The binding was verified as carbohydratemediated (see below). The unusual interaction of Con A with a β-Glc NGC has been previously reported where the β-Glc was linked via a phenylazo linker to the BSA backbone, 34 as is the case here.
UEA-I bound to both β-and α-linked Fuc on the Slide H and Aldehyde ES microarrays, and also recognised the NGCs Gal-β-PITC-BSA and Man-α-PITC-BSA (with average substitution ratio of 27.6, but not the 22). No carbohydrate ligands were recognised with this lectin on the functionalised poly-L-lysine surface and, in general, this slide gave the lowest binding signals with all lectins after background subtraction (Table 3 and Fig. 3 ).
The lectins SBA and WFA are both known to have greatest binding affinity for Nacetylgalactosamine (GalNAc), with a slight preference for the α-linkage, but also recognise Gal 31 (Table 3) . Gal-β-PITC-BSA was well recognised across all slides by both lectins, and ASF, with its Gal-terminating oligosaccharides, was recognised by WFA, although to a lower extent. The printed NGC Gal-α-PITC-BSA was well recognised by SBA and WFA only on the Aldehyde ES microarray, although interestingly the β-linked version was preferred by both lectins on this platform. In addition, the lactose (Lac) and N-acetyllactosamine (LacNAc) NGCs were bound by WFA on the Aldehyde ES microarray, with LacNAc-β-4AP-BSA slightly favoured. The latter three NGCs were only very slightly recognised by WFA on the Slide H platform and not at all on the functionalised poly-L-lysine slide (Fig. 3 ).
There was no binding to the negative control 4AP-BSA by any lectin on any slide surface, but most lectins interacted with PITC-BSA on most surfaces, except for Con A on all surfaces and WFA on the Aldehyde ES slide (see Figs. 2 and 3) . However, use of the unmodified linker conjugated to the protein backbone may not be a good indicator of the spacer contribution to overall lectin binding to an NGC (i.e. a negative control). The presentation of the 'bare' linker portion on the linker-BSA conjugate is not the same as when it is further conjugated to a carbohydrate. This is evident when the expected low signal intensities of UEA-I and SBA with Glc-β-PITC-BSA are compared with the higher signal from PITC-BSA with the same lectins on the Aldehyde ES slide, and also when the low signal intensities from Gal-α-PITC-BSA binding with WFA, SBA and UEA-I on Slide H are compared to the higher signal intensity with PITC-BSA for the same lectins (Fig. 3) .
Con A and WFA lectins were also co-incubated with 100 mM of Man and Gal, respectively, to verify carbohydrate-mediated lectin binding. 30 The binding of Con A and WFA to printed NGCs and glycoproteins was inhibited from 83.9-99.4% and 60.5-98.2%, respectively, on Slide H and from 71.7-99.4% and 98.3-100%, respectively on Aldehyde ES slides (p≤0.05, Table S 
Reproducibility
The expected ligands were recognised by appropriate lectins on both the Slide H and Aldehyde ES platforms (see above). In addition, Slide H gave the most reproducible signals with an average % coefficient of variation (CV) ranging from 14.2 to 21.2% across the different lectins (Table 4) , which is on the lower end for protein-based microarrays. 22, 35 The reproducibility of lectin binding signals on the functionalised poly-L-lysine surface was poorest of the surfaces tested (32.1-267.7%CV, Table 4 ), which argues against their selection as a robust glycan microarray platform. Although performing better overall than the functionalised poly-L-lysine surface, the high, uneven background with the majority of lectins tested and overall poor reproducibility (25.1-93.3%CV) ( Fig. 2 and Table 4 ) of Aldehyde ES slides also discourages the use as a general glycan microarray platform in spite of expected ligand recognition.
Effect of different linkers on lectin recognition
Three monosaccharide NGC analogues (α-Man, β-Gal and β-Glc) were printed with two different linkers, 4AP and PITC ( Fig. 1 and Table 1 ), and lectin recognition of these monosaccharides was assessed across the different surfaces. Con A bound to both analogues of α-linked Man across all platforms, but displayed lower binding intensity to the 4AP analogue compared to the PITC-linked NGC. The 4AP α-Man NGC on the Aldehyde ES slide gave greatest binding intensity with Con A relative to the other surfaces (Fig. 3) .
Although a different average substitution ratio of carbohydrates on the BSA backbone can undoubtedly have an effect on the degree of lectin binding to the NGC, 17, 36 Con A binding to
Man-α-PITC-BSA with two different substitution values (ManaP1 and ManaP2, 27.6 and 22 moles carbohydrate per mole of protein, respectively, Table 1 ) had similar signal intensity to one another within the same platform (Fig. 3) . This was probably due to similar ligand density of the two NGC features on the microarray surface. 3 Glc-β-PITC-BSA was wellrecognised by Con A across all slide surfaces, but Glc--β-4AP-BSA was not recognised at all.
Similarly, WFA and SBA bound to Gal-β-PITC-BSA on all three surface chemistries but
Gal-β-4AP-BSA was not recognised by either lectin (Fig. 3) . Conjugation of all NGCs to the microarray surface was confirmed by incubation with an anti-albumin antibody (not shown).
The difference in lectin recognition between the monosaccharide NGC analogues is most likely due to the differences in the ligand presentation or accessibility because of the linker flexibility. 24 The N=N bond of the 4AP linker does not allow rotation about that bond in contrast to the PITC linker with the more flexible N-C bond (Fig. 1 ).
Discussion
Overall, Con A performed well on all slide surfaces evaluated with low, non-interfering background noise and expected ligand recognition of α-linked Man and the glycoproteins RB, fetuin and asialofetuin (Figs. 2 and 3 and Table 4 ). The atypical carbohydrate-mediated recognition of the Glc-β-PITC-BSA NGC has been previously reported, 34 and the optimised ligand presentation for Con A recognition here may be due to the influence of the linker. 34, 37 The other three lectins tested showed varying degrees of background and specific recognition depending on the slide surface chemistry, with UEA-I being the least discriminatory lectin on all surfaces. In general, the functionalised poly-L-lysine slide This paper highlights the importance of the effect of the selection of both slide surface chemistry and linkers for optimal carbohydrate recognition.
